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A global energy market model (GEM) is used to analyze the market shares (i.e. the primary 7 
energy mix) of gases, liquids and solids in the Asia Pacific. The model is successful in matching 8 
the historical energy mix from 1850 to 2009. The model also provides a good match of the 9 
hydrogen to carbon ratio, which is a proxy for environmental quality. Given these validations, 10 
the GEM is then used to present scenarios of the Asia Pacific energy mix and hydrogen to carbon 11 
ratio until the year 2030. Three energy mix scenarios are presented – reference case; alternative 12 
case 1; alternative case 2. The reference case assumes limited divergence from current policies 13 
and technologies. It indicates that Asia Pacific energy needs will be met by approximately 46% 14 
solids, 34% liquids, and 20% gases by 2030. Alternative cases 1 and 2 represent policies and 15 
technologies that either encourage or discourage the use of gases. The good matches observed 16 
for historical data suggest the GEM can be used cautiously for evaluating outcomes and 17 
opportunities in the region. Although the model can be used for projecting far into the future, it is 18 
currently calibrated to what we consider a reasonable time horizon - until the year 2030. Given 19 
appropriate energy policies and sufficient technological advancement, the importance of natural 20 
gas in the region could increase significantly.  21 
 22 
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 24 
1. Introduction 25 
The availability of abundant and inexpensive energy sources has been historically linked to the 26 
well-being of the global economy. In the Asia Pacific, economic growth has been primarily 27 
fueled by coal and oil. As the region continues to grow, natural gas has the potential to play a 28 
significant role in satisfying energy demand. Increased use of natural gas will help to reduce 29 
dependency on oil and coal, which may result in increased energy security, reduced 30 
environmental impact, and continued economic growth [1].  31 
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Several obstacles must be overcome in order to reap the benefits from natural gas use. Some of 1 
these include limited gas delivery infrastructure, lack of competition and transparency, high 2 
transportation costs, lack of storage facilities, underdeveloped and inflexible markets, and limited 3 
legal and regulatory frameworks. In addition, some commentators believe there may be a 4 
shortage of natural gas resources in the region. To provide insight on the latter, [2] use a Variable 5 
Shape Distribution (VSD) model to show that there is no foreseeable shortage of natural gas in 6 
the Asia Pacific.  7 
 8 
The diamond in Figure 1 represents the framework for this paper.  The center of the diamond 9 
denotes income and population in the Asia Pacific.
3
 Both are significant determinants of energy 10 
consumption and have increased dramatically since 1965. Historical and future energy 11 
consumption is shown at the top point of the diamond. Figure 2 corresponds to this point and 12 
shows actual primary energy consumption per year in the Asia Pacific [3]. Since 1965, the 13 
average annual increase in total energy consumption has been in the order of 10.9%. The lower 14 
curve in Figure 2 shows the actual Asia Pacific population from 1965 – 2010 and a forecast to 15 
2030 [4]. This extrapolation produces a figure of approximately five billion people in 2030. With 16 
the increase in population comes rapid energy demand growth that results in energy consumption 17 
per capita of approximately 80 million BTU by 2030 (middle curve, Figure 2).  18 
 19 
Given the estimated energy consumption, the next step is to determine the mix of energy 20 
resources that will meet that consumption. The point to the right of the diamond represents the 21 
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historical and future market shares contributed by different primary energy sources. In this paper, 1 
the major focus is the modeling of the primary energy mix in the Asia Pacific using a Global 2 
Energy Market (GEM) model [5]. 3 
 4 
Once the energy mix fractions have been calculated, it is possible to multiply those fractions by 5 
the primary energy consumption estimates of Figure 2 in order to obtain consumption rates for 6 
specific resources. This step corresponds to the lower point of the diamond. Finally, the question 7 
that arises is whether there is sufficient physical availability of primary energy resources to 8 
satisfy the consumption rates. This is represented by the left point of the diamond.  9 
 10 
 11 
2. Global Energy Market (GEM) Model  12 
 13 
The GEM model is based on a model of binary technology substitution given by Fisher and Pry 14 














f is the market share of a competitor;  22 
t is time; 23 
4 
 
α is a slope parameter; 1 
β is an intercept parameter; 2 
 3 
The Fisher and Pry model says that a semilogarithmic plot of f / (1 – f) versus t should result in a 4 
straight line with a slope equal to α and intercept equal to β.  This standard logistic substitution 5 
model gives a good match of the historical primary energy mix from 1850 to about 1970 (Figure 6 
3). After 1970, the actual data deviates from the model. This is due to the increased market share 7 
of coal in the Asia Pacific after the oil crisis of the 1970s.  8 
 9 
In order to provide a better match of the deviation from linearity, the GEM model was created by 10 
introducing additional parameters to the Fisher and Pry equation [5]. To calculate the market 11 
fraction of an energy source that is generally declining with time (i.e. downward-sloping), we 12 
use the following equation: 13 
 14 
 15 
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Where: 18 
 19 
YGEM is the modified function; 20 
α, β, t and f are defined above for the Fisher and Pry model;  21 
ψ represents the approximate point at which a shifted straight line is developed; 22 
ys controls the divergence from the straight line; 23 
5 
 
S is a severity exponent that controls the slope of the curve that diverges from the straight line; 1 
 2 
In total, there are five parameters - α, β, ψ, ys, and S - that cause the GEM equation to give the 3 
best possible match of the historical energy mix data via non-linear regression (i.e. minimization 4 
of the residual sum of squares). Parameters α and β are based on the Fisher and Pry model, while 5 
ψ, ys, and S are unique additions to the GEM model. The parameters are estimated based on 6 
visual inspection of the curves, comparison of actual and estimated values, and inspection of the 7 
coefficients of determination (R
2
).     8 
 9 
 10 
For an energy source with a market fraction that is generally increasing with time (i.e. upward- 11 
sloping), the numerator in equation 2 must be multiplied by ψ. The parameters for the declining 12 
and increasing functions are not equal and have to be determined independently for each case.  13 
 14 
3. Market Contribution of Solids, Liquids and Gases 15 
Figure 3 shows the reference case for actual and calculated fractions of the total market given by 16 
solids, liquids and gases from 1850 to 2030. The solids-liquids-gases concept was introduced 17 
originally by [8]. Solids include wood, agricultural residues (traditional renewables), coal and 18 
uranium (nuclear). Liquids include oil and hydropower, while gases include initially methane 19 
(i.e. natural gas) and later wind, solar, and hydrogen. Similar combinations are used in this study; 20 
however, there are alternate ways of examining the mix. The GEM model, as with the Fisher-Pry 21 
model, can also be used to analyze individual energy sources (e.g. coal and uranium, separately) 22 
in order to reflect shifts from coal based power to nuclear based power. The same holds true for 23 
6 
 
individual liquid or gas sources. However, data limitations exist for certain resources in the Asia 1 
Pacific.  2 
 3 
The actual energy mix data in Figure 3 is based primarily on [3] and [9]. Data for the post-1965 4 
period comes from [3], which is considered to be a reliable source for primary energy statistics. 5 
The pre-1965 data comes from [9], which is based on various sources believed to be reasonably 6 
accurate and have been used extensively when analyzing the historical energy mix [5, 7, 8, 10, 7 
11, 12]. The various sources used by [9] to synthesize pre-1965 primary energy data are [13], 8 
[14], and [15]. The traditional renewables fuel use is based on an extension and revision of 9 
earlier estimates made in [16] that only included fuelwood.  10 
 11 
The calculated energy mix is obtained with the GEM model, which estimates the parameters that 12 
give the best fit of the actual data by minimizing the sum of squared differences between the 13 
observed and predicted values. For the case of the solids, the calculated curve was generated 14 
using the following parameters: α = -0.0625, β = 7.4, ψ = 0.02, ys = 0.35 and S = 1.9. For the 15 
case of the gases, the calculated curve was generated with the following parameters: α = 0.0975, 16 
β = 15.4, ψ = 0.024, ys = 3.95 and S = 1.14. 
4  
The liquids curve was obtained by taking the 17 
difference between 1.0 and the summation of the solids and gases curves.
 5  
In all cases, the 18 
comparison between actual and calculated values is good, as confirmed by the coefficients of 19 
determination (R
2
) equal to 0.98. This leads us to conclude that our energy mix scenarios to the 20 
                                                          
4 While the parameter values do not carry particular economic, policy, or technological meaning, they serve to 
match the actual historical data and project future scenarios of the energy mix. 
  
5 Alternative variations of this sequence can also be modeled and will yield similar results (e.g. solids plus liquids, 
with gases as the residual). However, the chosen pairing simplifies the modeling since the solids and gases fractions 
are modified linear functions with a negative slope and positive slope, respectively. Thus, specifying these modified 
linear functions is simpler than specifying a nonlinear bell-shaped equation for the liquids. 
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year 2030 are reasonable. In addition, our results generally converge to the projections made by 1 
other organizations [17, 18].  The GEM model reference case indicates that by the year 2030, 2 
approximately 46% of primary energy in the Asia Pacific will be provided by solids, 34% by 3 




It is important to recognize that a good fit of the past is not necessarily a good indicator of the 6 
future. Furthermore, non-uniqueness is an integral part of any history matching process. As a 7 
result, we are addressing uncertainties with a couple of alternative cases, as shown in Figures 4 8 
and 5. The alternative cases are generated by varying the values of the three additional GEM 9 
parameters (ψ, ys, and S) while maintining a close match of the historical data by not 10 
significantly changing the slope and intercept parameters (α and β). In the first alternative case 11 
(Figure 4) there is a significant increase in the contribution of the solids - and a decrease in the 12 
liquids - to the energy mix. The gases share increases very slightly. This could potentially come 13 
from government regulations such as price setting that keeps natural gas prices artificially low. 14 
These low prices do not provide incentives for companies to invest in the upstream, midstream, 15 
or downstream segments of the industry. Increased coal subsidies further hinder the penetration 16 
of gas into the market. Government policies in the natural gas sector that limit foreign investment 17 
will also inhibit its contribution to the energy mix. In the second alternative case (Figure 5) there 18 
is a slight decrease in the contribution of the solids and a slower reduction of the liquids. In this 19 
case, the gases share increases significantly.  Opportunities to increase gas penetration in the 20 
short term would mostly be found in the electricity sector. In the long term, possibilities may also 21 
exist in the transport sector. The increases in gas use could come from policies to address climate 22 
change, which are likely to favour gas in place of oil and coal. Some of these policies include 23 
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indirect taxes on fuel and costs imposed on carbon emissions. By introducing a substantial cost 1 
on carbon, for example, the total cost of coal and gas becomes comparable, in which case 2 
relative prices determine the dominant fuel [19]. Presumably this would increase the relative 3 
price of coal while encouraging investment in gas, which would lead to technological 4 
improvements in gas exploration, production and transportation. This would further induce 5 
substitution from coal towards gas by lowering the relative price of gas. 6 
 7 
 8 
4. Consumption Rates 9 
 10 
Using the energy mix fractions presented in the previous section, it is possible to derive annual 11 
consumption rates for each energy source. This analysis corresponds to the lower point of the 12 
diamond in Figure 1. For the reference case, annual consumption rates are calculated by 13 
multiplying total Asia Pacific energy consumption (upper curve in Figure 2) by the market 14 
fractions shown in Figure 3. The reference case of the gases, for instance, is given by the middle 15 
curve of Figure 6. In 2030, consumption of gases in the region will be around 80 quadrillion 16 
BTU (Quads). The lower and upper curves in Figure 6 correspond to the alternative cases 17 
presented in Figures 4 and 5 – approximately 50 and 120 Quads, respectively. It is also possible 18 






5. Availability 1 
 2 
A key concern is whether or not there are sufficient resources to satisfy the consumption rates 3 
discussed in the previous section. This corresponds to the left point of the diamond in Figure 1. 4 
For the example of natural gas, the answer is positive based on research conducted with a 5 
variable shape distribution (VSD) model [2]. The model was validated by successfully 6 
comparing calculated and actual natural gas endowment volumes published by the United States 7 
Geological Survey (USGS) World Petroleum Assessment 2000 [20]. 8 
 9 
An example of the VSD results, for the case of conventional natural gas, is presented in Figure 7, 10 
which shows actual and calculated sizes of gas endowment provinces. According to the USGS, 11 
gas endowment refers to the sum of known volumes (cumulative production plus remaining 12 
reserves) and undiscovered volumes.
 
The actual gas endowment for the lower curve corresponds 13 
to 77 petroleum provinces in the Asia Pacific region that were evaluated by the USGS [20]. 14 
Those 77 provinces are natural geological entities, such as sedimentary basins, that were selected 15 
for evaluation in [20] since they were thought to contain significant volumes that might be 16 
produced over a 30 year time horizon. The total gas endowment estimated by the USGS at 1100 17 
TCF (1134 Quads) compares well with the 1101 TCF (1135 Quads) calculated by the VSD 18 
model. The coefficient of determination (R
2
) is equal to 0.99. Note that these volumes do not 19 







Once the model was validated, it was used to estimate the recoverable conventional gas volumes 1 
of the 290 provinces recognized to exist in the Asia Pacific, out of which 213 had not been 2 
evaluated previously. Significant quantities are also believed to exist in those previously 3 
unassessed provinces [21]. The top curve of Figure 7, generated by the VSD model, corresponds 4 
to 290 provinces and gives a gas endowment of 1437 TCF (1481 Quads). These results indicate 5 
that there are enough recoverable natural gas resources in the Asia Pacific to meet consumption 6 
requirements for the next several decades. This should provide sufficient time for the region to 7 
shift to other energy sources, perhaps unconventional or non-fossil [22, 23]. 8 
 9 
6. Environmental Quality 10 
       11 
The concept of the hydrogen over carbon (H/C) ratio, which can be used as a proxy for 12 
environmental quality, is presented in [12] and [24]. As shown in Figure 8, the GEM model has 13 
been used to calculate the Asia Pacific H/C ratio. The calculation was carried out using the 14 
fractions, from Figures 3 to 5. of solids (wood and coal), liquids and gases and the following 15 
average H/C ratios: wood = 0.10; coal = 0.5; liquids = 2.0 (assuming mostly oil); and gases = 4.0 16 
(assuming mostly methane). Each of the ratios was weighted with the actual and GEM-calculated 17 
fractional contributions of solids, liquids and gases. Thus, the H/C ratio of a particular year is 18 
calculated as (0.10 * %wood) + (0.5 * %coal) + (2.0 * %liquids) + (4.0 * %gases). The middle 19 
curve of Figure 8 corresponds to the reference case (from Figure 3), while the lower and upper 20 




Figure 8 shows continuous decarbonization from 1900 to 1970. At this point, the H/C ratio 1 
becomes approximately constant. We hypothesize that the flattening of the curve is the result of 2 
government interventions such as gas price regulations that lead to decreased natural gas 3 
consumption and increased coal consumption [25, 26]. Such regulations would make the 4 
economics of coal production favorable relative to that of natural gas. Alternative case 2 suggests 5 
a slight improvement in the H/C ratio after the year 2020. This is the result of gases gaining 6 
market share in the energy mix. In alternative case 1, the H/C ratio continues to decrease until 7 
2030 as solids maintain their dominance in the energy market.  8 
 9 
7. Conclusions 10 
 11 
A GEM model has been used to assess the past, present and near future of the Asia Pacific 12 
energy market. It is successful in matching the historical primary energy mix from 1850 to the 13 
present. In addition, the GEM provides a good match of the hydrogen to carbon ratio (which is a 14 
proxy for environmental quality) from 1900 to the present. Given that the vast majority of world 15 
energy-demand growth will come from the Asia Pacific, the region will play a pivotal role in 16 
determining the global energy mix and associated carbon emissions. Thus, policymakers in the 17 
region will also have the significant responsibility of facilitating natural gas use and thereby 18 
increasing the hydrogen to carbon ratio over time.  19 
 20 
Scenarios of the fractional market shares of solids, liquids, and gases to the year 2030 suggest 21 
that the future of gases in the region could be promising, with particular potential for natural gas. 22 
Policies would have to be enacted in order to favor capital investment in exploration and 23 
12 
 
production, build distribution networks, develop integrated gas markets and easy means of 1 
transportation, and create transparent and competitive gas pricing mechanisms. 2 
 3 
The GEM results also indicate that there could be potential for solids, but significant 4 
technological advances will be required to make these environmentally viable (and safe in the 5 
case of uranium/nuclear). In the GEM reference case, approximately 46% of the energy mix is 6 
provided by solids, 34% by liquids and 20% by gases in the year 2030. However, because the 7 
past is not necessarily a good indicator of the future, we have generated two alternative cases that 8 
show other scenarios of the future energy mix. Future research will compare the present Asia 9 
Pacific results to other regions of the world. Based on a preliminary investigation of the 10 
historical energy mixes of major consuming regions such as North America and Europe, it is 11 
evident that the Asia Pacific has been slower to decarbonize due to its heavy reliance on solid 12 
fuels.  13 
 14 
Results of this study can be used to assess challenges and opportunities in the Asia Pacific as 15 
population, income, and energy demand continue to increase. As natural gas is estimated to be 16 
abundant, this presents significant opportunities for governments and corporations who have the 17 
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Fig. 3. Asia Pacific primary energy substitution curves including solids, gases and liquids – reference case 



















































Fig. 4. Asia Pacific primary energy substitution curves including solids, gases and liquids – alternative case 1 




















































Fig. 5. Asia Pacific primary energy substitution curves including solids, gases and liquids – alternative case 2 
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VSD for 290 provinces = 1437 TCFG
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Fig. 8. Asia Pacific hydrogen to carbon (H/C) ratio (a proxy for environmental quality).
 
 
 
 
 
